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Objective: The purpose of this study was to assess the intraoperative use of a new angle-independent ultrasound scan
device (EchoFlow [EF]) in measurement of carotid artery velocities after endarterectomy. Specifically, the purpose was to
determine the reproducibility of velocity measurements obtained with EF and to compare these measurements with the
velocity measurements obtained with duplex ultrasound scan.
Methods: Velocity measurements of the common, internal, and external carotid arteries were performed by the operative
surgeon with EF in 65 consecutive patients after carotid endarterectomy (36 female, 29 male; mean age, 71 years). Three
velocity measurements were obtained from each of the arteries with EF and compared with the velocity measurements
obtained with duplex ultrasound scan performed by a radiologist.
Results: Velocity measurements obtained with the EF device were reproducible in the common, internal, and external
carotid arteries (intrapatient correlation coefficients, 0.95, 0.96, and 0.95, respectively). Seventy-five percent of common,
88% of internal, and 78% of external carotid velocity measurements obtained with the angle-independent ultrasound scan
device were within 25 cm/s of the velocities measured with duplex ultrasound scan. The mean differences in velocity
measurements between EF and duplex scan were 12 cm/s in the common, 8 cm/s in the internal, and 11 cm/s in
the external carotid arteries. Differences between the EF device and duplex scan velocity measurements correlated with
increasing arterial velocities in each of the three arteries measured (P < .05).
Conclusion: Reproducible measurements of carotid artery velocity may be obtained with a new angle-independent
Doppler system after endarterectomy. Most measurements obtained with the EF system are clinically comparable with
those obtained with standard duplex ultrasound scan. This novel low-cost device may be useful in the intraoperative
assessment of hemodynamic adequacy of carotid endarterectomy. (J Vasc Surg 2003;37:374-80.)
Assessment of technical perfection in the operating
room is a necessary part of carotid endarterectomy. Histor-
ically, such assessment was limited to palpation of the
reconstructed carotid artery. The use of intraoperative con-
trast arteriography improved the ability to detect technical
problems after endarterectomy, but this technique is cum-
bersome and carries risk associated with vessel puncture and
contrast injection.1,2 Although continuous wave Doppler
scan provides an audible assessment of arterial flow that is
more sensitive than palpation and less invasive than arte-
riography, it does not provide a quantitative measure and is
therefore limited.3
The use of duplex ultrasonography in the operating
room after carotid endarterectomy represents a significant
advance that is less invasive than arteriography and provides
more objective information than arteriography and contin-
uous wave Doppler.4,5 Duplex scan provides not only a
grayscale or B-mode image of the vessel but also a func-
tional assessment of flow through the carotid artery with
pulsed Doppler spectral analysis. The sensitivity of intraop-
erative duplex scan has been shown to be similar to arte-
riography, and its routine use may decrease restenosis rates
after carotid endarterectomy.6-11
Despite the usefulness of duplex ultrasound scan after
carotid endarterectomy, this method has limitations. Du-
plex scan requires B-mode imaging of the vessel to set or
determine the angle of ultrasound insonation and perform
pulsed Doppler sampling of arterial velocity. Such imaging
requires training and experience to acquire accurate repro-
ducible readings, a skill that in some centers may necessitate
a technologist or radiologist. Furthermore, interpretation
of the B-mode image in the operating room is often sub-
jective, and small defects are of unknown consequence and
may be misleading. These facts combined with the cost of
the duplex ultrasound scan equipment and the radiologist/
technologist time may limit its use in all centers that per-
form carotid endarterectomy.
A new ultrasonic Doppler system that allows for mea-
surement of blood velocity independent of a B-mode image
has recently been developed, and its use has been reported
in animal studies.12 This system is based on the concept of
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a diffractive transducer that functions to sample arterial
velocities without an operator-determined angle (eg, an-
gle-independent) of insonation, making it compact, easier
to use, and less expensive than conventional duplex scan.12
The objective of this study was to assess the intraoperative
use of this system in measurement of carotid artery veloci-
ties after endarterectomy. In addition, the objective was to
determine the reproducibility of velocity measurements
obtained with this system and to compare measurements
with those obtained with standard duplex ultrasound scan.
METHODS
Intraoperative measurements of carotid artery veloci-
ties were recorded in the operating room after 65 consec-
utive carotid endarterectomies. Measurements of peak sys-
tolic velocity (PSV) from the common, internal, and
external carotid arteries were performed first by the opera-
tive surgeon with the angle-independent ultrasound scan
system (EchoFlow; Fig 1). Three PSV readings were ob-
tained from each of the arteries with the EchoFlow system
(EchoCath, Princeton, NJ). Next, single measurements of
PSV from each of the three arteries were measured by an
attending radiologist with standard duplex ultrasound scan.
The radiologist scrubbed in for the operation to perform
the duplex scan and was assisted by an ultrasound technol-
ogist who set the angle of insonation and recorded the
pulsed Doppler velocities. To minimize differences related
to location of velocity measurement, the surgeon who
performed the EchoFlow measurements remained present
during the duplex ultrasound scan to indicate to the radi-
ologist areas where EchoFlow measurements were taken.
The transducers used for velocity measurements were cov-
ered with sterile plastic sheaths and applied to the recon-
structed carotid artery. Sterile ultrasonic gel was used to
optimize acoustic coupling and facilitate ultrasound scan
measurement with both techniques.
The three PSV measurements from each of the arteries
obtained with the angle-independent ultrasound scan sys-
tem were compared with an estimate of intrapatient reli-
ability or reproducibility. The mean of the three PSV
measurements from the angle-independent system was
then determined and compared with the PSV measurement
determined with duplex ultrasound scan.
Ultrasound scan devices. The EchoFlow BVM-1
blood velocity meter (EchoCath, Princeton, NJ) is a dif-
fractive transducer-based technology that uses two contin-
uous wave ultrasonic beams and a 10-MHz probe to record
blood velocity and may be used during surgery and placed
directly on the vessel. Duplex scan examination was per-
formed with the Sequoia duplex ultrasound scan unit (Acu-
son, Mountain View, Calif) with linear probes 15L8 (fre-
quency, 8 to 14 MHz) or 8L5 (frequency, 5 to 8 MHz)
depending on the radiologist’s preference.
Statistical methods. Intraclass correlation coeffi-
cients were calculated as described by Snedecor and Coch-
ran.13 Correlation between measurement differences and
means was assessed with Pearson’s correlation coefficient.
Estimates of bias, 95% limits of agreement, and related plots
were based on the methods of Bland and Altman.14 For
statistical comparisons and specific illustrations, a velocity
of 25 cm/s was arbitrarily chosen as a clinically relevant
number. Informed consent was obtained from patients
entered into the study, which was approved by our Institu-
tional Review Board.
RESULTS
Study population. The study population consisted of
36 female and 29 male patients, with a median age of 71
years (range, 54 to 87 years). Indications for operation
were an asymptomatic severe (70%) carotid stenosis in 48
patients (74%) and a symptomatic carotid stenosis in 17
patients (26%). Selective shunting on the basis of stump
pressures and electroencephalographic monitoring were
Fig 1. EchoFlow BVM-1 blood velocity meter with elevated
display, remote control, printer capability, and mobile console.
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used in all operations, with shunts being placed in 11 cases
(17%). Standard endarterectomy with patch angioplasty
was performed in 63 patients, and eversion endarterectomy
with primary closure in two. Woven polyester patch was
used in 54 patients (collagen-coated), bovine pericardium
patch in eight patients, and saphenous vein patch in one
patient. Patch material did not appear to affect the ability of
either ultrasound scan method, EchoFlow or standard du-
plex scan, to insonate flowing blood.
No perioperative deaths and no perioperative strokes
occurred. Five carotid arteries (external carotid, n  4;
internal carotid, n  1) were revised. All four external
carotid artery revisions were performed on the basis of
elevated velocities first shown with EchoFlow and con-
firmed with duplex scan. The internal carotid artery was
revised on the basis of B-mode abnormality (small platelet
aggregate) only with normal velocities with both EchoFlow
and duplex scan.
Reliability of angle-independent velocity measure-
ment. Velocity measurements obtained with the angle-
independent system were reproducible in the common,
internal, and external carotid arteries, with intrapatient
correlation coefficients of 0.95, 0.96, and 0.95, respectively
(Table I). Within-patient variation was not significantly
correlated with the average of the three velocity measure-
ments per patient for the common or external carotid
arteries (correlation coefficient, P  .24 and P  .21,
respectively) but was significantly correlated (increasing
variation with increasing velocity) for the internal carotid
artery measurements (Pearson’s correlation coefficient,
0.34; P  .005).
Comparison with duplex ultrasound scan. Mean
velocity measurement difference (bias) between EchoFlow
and duplex scan was11.91 cm/s for the common carotid
artery, 8.33 cm/s for the internal carotid artery, and
11.35 cm/s for the external carotid artery (Table II).
Intraclass correlation coefficients were 0.60, 0.69, and 0.73
for the common, internal, and external carotid arteries,
respectively. Within-patient differences showed a signifi-
cant correlation with increasing velocity measurements
(P  .002 for common carotid; P .0002 for internal
carotid; and P .0001 for external carotid).
All but two velocity measurements of the common
carotid artery fell within two standard deviations of the
mean difference between EchoFlow and duplex scan (Fig 2,
A). Similarly, the vast majority of velocity measurement
from the internal and external carotid arteries fell within
two standard deviations of the mean differences between
EchoFlow and duplex scan (Fig 2 , B and C). Most velocity
measurements from each of the three carotid arteries with
EchoFlow were within an error of 25 cm/s compared
with velocity measurements obtained with duplex ultra-
sound scan (Fig 3).
Lastly, 75% of common carotid artery velocity measure-
ments obtained with the angle-independent ultrasound
scan system were within 25 cm/s of the velocities obtained
with duplex ultrasound scan (Fig 4 , A). Similarly, 88% of
internal carotid and 78% of external carotid velocity mea-
surements determined with EchoFlow were within 25
cm/s of the velocities measured with duplex scan (Fig 4 , B
and C).
DISCUSSION
The results of this study represent the first report of a
new angle-independent ultrasound scan technology to
measure arterial velocity in humans. Specifically, this study
shows that reproducible measurements of arterial velocity
can be performed in the operating room by the operative
surgeon after carotid endarterectomy. In addition, the find-
ings of this study show that most velocity measurements
obtained with the angle-independent ultrasound scan sys-
tem are clinically comparable with the velocity measure-
ments obtained with standard duplex ultrasound scan.
Previous publications relating to diffractive ultrasonic
transducers for the measurement of arterial velocities have
focused primarily on basic research and development of the
technology and have provided little clinical data.15-17
Skladany, et al12 were the first to apply this new technology
in an animal model. This group showed that the accuracy of
this device in determining arterial flow (mL/min) was
comparable with the more commonly used electromag-
netic flow meter. The results of this study confirm and
extend this previous report and provide for the first time
data on velocity (cm/s) measurements in the human arte-
rial system. This study also corroborates unpublished clin-
ical experience indicating that the EchoFlow ultrasound
scan system is small and portable and requires little or no
operator training or expertise to obtain reproducible veloc-
ity measurements.
Concept of angle-independent ultrasound scan.
On the basis of the Doppler equation (Fig 5), it is necessary
that an angle of insonation be determined or known with a
high degree of accuracy to determine the velocity of flow-
ing blood. Standard duplex ultrasound scan combines a
pulsed Doppler system with a B-mode scanner to allow the
insonating beam to be aligned to the vessel at a desired or
defined angle. The angle of insonation is set manually by
the operator and requires training and experience to per-
form measurements in a reproducible manner.
The angle-independent ultrasound scan technology is
based on a diffractive transducer that consists of a series of
linear piezoelectric elements spaced a fraction of a wave-
length apart. The diffracting conditions can be altered to
generate multiple ultrasonic beams from a single insonating
probe.15-19 The diffracting transducer in the EchoFlow
Table I. Intrapatient reliability of EchoFlow carotid
velocity measurements
Vessel
Within-patient
standard deviation
(cm/s)
Intraclass correlation
coefficient
CC 4.65 0.95
IC 4.42 0.96
EC 6.81 0.95
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device generates two continuous wave ultrasound scan
beams to insonate the vessel at two distinct angles. The first
ultrasound scan beam is at an unknown angle of insonation,
and the second beam differs from the first by a known
degree. The two frequency measurements taken from the
different ultrasound scan beams produce two Doppler shift
equations with two unknowns (velocity and 0).15-19 These
equations can be solved to determine 0 and ultimately
blood velocity on the basis of the mathematic equation or
principle of two unknowns described by Daigle.19 Analysis
of the two ultrasound scan beams and their respective
Doppler equations allows the EchoFlow system to provide
blood velocity measurements without the need to preset an
angle of insonation as is necessary with standard duplex
ultrasound scan.
This study has limitations worth considering. Specifi-
cally, only one velocity, PSV, was measured. Although PSV
was chosen because it represents a dominant indicator of
arterial stenosis, future studies of this system should include
measurement of end-diastolic velocity and the internal to
common carotid artery velocity ratio.
Currently, no specific criteria exist for detection of
technical errors with PSV during surgery. In our previously
reported experience, a PSV greater than 125 cm/s com-
bined with a B-mode defect was used to justify immediate
revision.9 In addition, variable increases in PSV may be
present in the immediate period after restoring carotid flow
related to reactive hyperemia. Finally, the trends toward
increasing divergence of EchoFlow readings from standard
duplex scan with increasing velocities suggest preliminarily
Fig 2. A, Velocity difference (EchoFlow minus duplex scan) versus velocity average of EchoFlow and duplex scan
(cm/s) for common carotid artery. Mean of7.3 cm/s represents estimate of bias of EchoFlow minus duplex scan, and
reference lines denote mean difference  two standard deviations. The 95% of differences are expected to be between
51 and 37 cm/s. B, Velocity difference (EchoFlow minus duplex scan) versus velocity average of EchoFlow and
duplex scan (cm/s) for internal carotid artery. Mean of 8.3 cm/s represents estimate of bias of EchoFlow minus
duplex scan, and reference lines denote mean difference two standard deviations. The 95% of differences are expected
to be between 47 and 31 cm/s. C, Velocity difference (EchoFlow minus duplex scan) versus velocity average of
EchoFlow and duplex scan (cm/s) for external carotid artery. Mean of 11 cm/s represents estimate of bias of
EchoFlow minus duplex scan, and reference lines denote mean difference  two standard deviations. The 95% of
differences are expected to be between 71 and 48 cm/s. Mayo Clinic.
Table II. Comparison of carotid velocity measurements between EchoFlow and duplex scan
Vessel
Mean difference (cm/s;
bias; Echoflow–duplex
scan)
Standard deviation of
differences (Echoflow–
duplex scan)
Limits of
agreement
(95%)
Difference
 25 cm/s
Intraclass
correlation
coefficient
CC –11.91 22.0 –55 to 31 75.4% 0.60
IC –8.33 20.0 –47 to 31 87.5% 0.69
EC –11.35 30.6 –71 to 49 77.5% 0.73
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that there may be less agreement between these methods at
high velocities. Because of these limitations and the prelim-
inary nature of this study, EchoFlow cannot be viewed as a
definitive completion study at this time and further study
and experience are indicated.
The limited number of patients in this study and the
limited follow-up prevent an assessment of the impact of
this ultrasound scan system on the technical outcome of the
operation or on patient outcome. The objectives of this
study did not include the effect of this system on the
technical performance of the operation or on patient out-
come. Finally, the specific point of insonation on the artery
from where velocities were sampled may have varied be-
tween the EchoFlow and duplex scan probes, making
agreement between these two methods difficult to confirm
in this clinical setting. This fact may be responsible for the
isolated outliers in velocity measurements observed on Fig
3.
On the basis of the results of this preliminary study,
application of the angle-independent ultrasound scan sys-
tem should be viewed as a supplement to and not a replace-
ment for standard duplex ultrasound scan. This new system
represents an initial or screening method available in the
operating room to assess arterial reconstruction or bypass,
much like continuous wave Doppler is currently used. If a
technical defect is suspected, duplex ultrasound scan or
intraoperative arteriography should continue to be per-
formed.
Assessment of technical perfection is a cornerstone of
every arterial reconstruction or bypass operation. Although
completion arteriography remains a common method for
this evaluation, it is invasive, usually provides a single
projection, and provides no functional assessment of flow
within the reconstructed artery or bypass graft. Further-
more, few if any arterial reconstructions are followed with
routine repeat arteriography in the months and years after
the operation. These limitations of arteriography have ac-
celerated the acceptance of duplex ultrasound scan for the
intraoperative assessment of arterial reconstruction, espe-
cially in the carotid, mesenteric, and renal circulations.
The noninvasive and compact nature of the angle-
independent ultrasound scan device combined with its
simple operating system make its potential application
broad. The manufacturing cost of this unit has been con-
tained and is less than $10,000 for a fully equipped unit, a
number significantly less expensive than the standard du-
plex ultrasound scan machine.12 Furthermore, elimination
of the need for a specially trained person to operate the
device substantially reduces the operating cost of the unit.
By providing an objective velocity measurement with
an audible Doppler signal, this technology significantly
extends continuous wave Doppler yet is nearly as simple to
use. This technology may provide surgeons who do not
otherwise have access to duplex ultrasound scan machines
and the expertise necessary to use them with a comparable
means of assessing arterial velocity in the operating room.
Fig 3. A, Comparison of PSV measurements between EchoFlow (y axis) and duplex scan (x axis; cm/s) from
common carotid artery. Dashed reference lines represent error of  25 cm/s. B, Comparison of PSV measurements
between EchoFlow (y axis) and duplex scan (x axis; cm/s) from internal carotid artery. Dashed reference lines represent
error of 25 cm/s. C, Comparison of PSV measurements between EchoFlow (y axis) and duplex scan (x axis; cm/s)
from external carotid artery. Dashed reference lines represent error of  25 cm/s. Mayo Clinic.
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The place of this new technology in the intraoperative
assessment of carotid endarterectomy remains to be deter-
mined with further data analysis and clinical experience.
This technology is not limited to carotid endarterec-
tomy but may also has potential applications in mesenteric
or renal reconstructions and lower extremity bypass. In
fact, this device may be most clinically suited for intraoper-
ative evaluation of autologous bypass grafts in the lower
extremity as such grafts are followed in the postoperative
period based on velocity criteria. The use of this technology
in bypass grafts would provide velocity measurements in
the operating room, potentially reducing the need for early
postoperative duplex scans that are often obtained as a
baseline.
CONCLUSION
This study shows the intraoperative use of a new angle-
independent ultrasound scan device after carotid endarter-
ectomy. The arterial velocities measured with this device
may be obtained by the operative surgeon without the need
for specially trained assistants or nurses. The velocities
measured with this device are reproducible and clinically
comparable with standard duplex ultrasound scan. This
device has potential broad applicability in the intraoperative
assessment of arterial velocities after reconstruction or by-
pass either as an adjunct to standard duplex ultrasound scan
or as a primary method in itself.
We thank Mrs Rhonda Brincks for manuscript prepara-
tion.
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